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Abstract: Duchenne muscular dystrophy (DMD) is an X-linked recessive genetic disorder caused by mutations in the
dystrophin gene. Affecting approximately 1 in 3,600-9337 boys, DMD patients exhibit progressive muscle degenera-
tion leading to fatality as a result of heart or respiratory failure. Despite the severity and prevalence of the disease,
there is no cure available. While murine models have been successfully used in illustrating the mechanisms of DMD,
their utility in DMD research is limited due to their mild disease phenotypes such as lack of severe skeletal muscle
and cardiac symptoms. To address the discrepancy between the severity of disease displayed by murine models
and human DMD patients, dystrophin-deficient dog models with a splice site mutation in intron 6 were established.
Examples of these are Golden Retriever muscular dystrophy and beagle-based Canine X-linked muscular dystrophy.
These large animal models are widely employed in therapeutic DMD research due to their close resemblance to the
severity of human patient symptoms. Recently, genetically tailored porcine models of DMD with deleted exon 52
were developed by our group and others, and can potentially act as a new large animal model. While therapeutic
outcomes derived from these large animal models can be more reliably extrapolated to DMD patients, a compre-
hensive understanding of these models is still needed. This paper will discuss recent progress and future directions
of DMD studies with large animal models such as canine and porcine models.

Keywords: Duchenne muscular dystrophy (DMD), Golden Reliever muscular dystrophy (GRMD), canine X-linked
muscular dystrophy (CXMD), porcine (pig) model, exon skipping, hypertrophic feline muscular dystrophy (HFMD)

Introduction

Duchenne Muscular Dystrophy (DMD) is the
most common lethal genetic disorder charac-
terized by progressive muscle degeneration [1,
2]. The early onsets of symptoms of DMD start
at 2-4 years of age, including poor posture and
weakness of the limb muscles, followed by gait
disturbances [3]. As DMD progresses, it
becomes fatal due to cardiac or respiratory fail-
ure by the age of 20-30 years. While the allelic
mutation can affect any of the 79 exons per-
taining to the dystrophin gene, exons 2-20 and
exons 45-55 are common hotspots of large
deletion and duplication mutations (=1 exon)
[4]. The most common form of mutations caus-
ing DMD are large deletion mutations (68%).
However, large duplication mutations (11%),
point mutations (11%), and small insertion/

deletion mutations (7%) are also frequent [4].
These gene mutations often lead to a frame-
shift mutation to produce a premature stop
codon (out-of-frame) and result in a lack of dys-
trophin protein - a protein essential to stabilize
muscle membrane [3]. Another form of muscu-
lar dystrophy called Becker Muscular Dystrophy
(BMD) is the milder version of DMD and is
caused by in-frame mutations in most cases.
This leads to a shorter, but functional dystro-
phin protein. While corticosteroid treatment is
currently available for DMD patients to reduce
muscle strength deterioration, there is still no
cure for DMD [5]. Currently, therapeutic strate-
gies for DMD focus on dystrophin replacement,
compensation for dystrophin, reduction of fibro-
sis, and muscle regeneration [6]. Alth-
ough many promising therapeutics reach the
clinical trials [7], they do not always yield
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expected results [8]. To date, various mamma-
lian models of DMD including mice, rats, dogs,
cats, monkeys, and pigs with mutations in the
DMD gene have been developed to assist in our
understanding of pathogenesis and translating
basic research findings into clinically useful
therapeutics [9-14]. Murine DMD models are
the most widely used, but there are several
important limitations such as gaping differenc-
es in physiology from humans and display of
milder phenotypes compared to patients. To
address this issue, canine DMD models
emerged as an important alternative in testing
in vivo efficacy and toxicity of therapeutic appli-
cations. As well, recent genetic engineering
allows for generating of a new pig DMD model
with a deletion mutation in the hot spot region
of the human DMD gene [13]. While outcomes
from these large animal models could be more
reliable to be extrapolated to patients, compre-
hensive understanding of their characteristics
is needed for promoting development of new
drugs and therapeutic approaches. In this
review, we focus on recent progress and future
directions of DMD studies with the dog (canine)
and newly developed pig (porcine) models of
DMD.

Canine models

In DMD patients, one-third of cases are due to
de novo mutations in the DMD gene which is
composed of 79 exons made up of 2.2 million
base pairs [15, 16]. Similarly, DMD mutations
within dystrophin-deficient dogs occur sponta-
neously. Dystrophin-deficient muscular dystro-
phy in dogs has only been reported in several
breeds as summarized in Table 1: Alaskan
Malamute [17], Bergamasco [18], Belgian
Groenendaeler Shepherd [19], Cavalier King
Charles Spaniel [20], Cocker Spaniel [21],
German Short-haired Pointer [22], Golden
Retriever [23], Grand Basset Griffon Vendéen
[24], Irish Terriers [25], Japanese Spitz [26],
Labrador Retriever [27-29], Lurcher Siblings
[30], Norfolk Terrier [31], Old English Sheepdog
[32], Pembroke Welsh Corgi [33], Rat Terrier
[34], Rottweiler [21], Tibetan Terrier [21],
Unknown Mix [18], and Weimaraner [35]. While
correlation between incidence of the disease
and the particular breed of dogs has yet to be
determined, it seems that the occurrence of
dystrophin deficiency in dogs is unrelated to its
genetic background [36]. Additionally, the
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mutation spectrum is unknown in dystrophin-
deficient dogs due to limited numbers of cases
and unidentified mutations in most of the
affected dogs. In 1992, Sharp et al. first identi-
fied a mutation of the canine DMD gene in the
Golden Retriever muscular dystrophy (GRMD)
and it has become the most extensively exam-
ined and characterized canine model in several
institutes [23]. Since then at least nine pat-
terns of spontaneous dystrophin mutations
have been reported in different breeds: a large
deletion mutation of whole exons in the dystro-
phin gene of German Short-haired Pointers
[22], an acceptor splice site mutation of intron
6 in the Golden Retriever [23], a deletion muta-
tion of exons 8-29 in Tibetan Terriers [21], long
interspersed repetitive element-1 insertion in
intron 13 of Pembroke Welsh Corgis [33], an
inversion mutation with a break point in intron
19 of the Japanese Spitz [26], an insertion of
repetitive element in intron 19 of Labrador
Retrievers [27], a point mutation at donor splice
site in intron 50 of Cavalier King Charles
Spaniels [20], a nonsense mutation in exon 58
of the Rottweiler [21] and lastly a small deletion
mutation of 4 nucleotides in exon 65 of Cocker
Spaniels [21]. Over the years, several dystro-
phin-deficient canine models have been estab-
lished. The GRMD dogs were backcrossed with
Beagle breed by Shimatsu et al. at National
Center of Neurology and Psychiatry (NCNP)
Japan to produce the Canine X-linked muscular
dystrophy in Japan (CXMD,) [37]. Although a
colony has not been established for DMD-like
Cavalier King Charles Spaniel Muscular
Dystrophy (CKCS-MD), another canine model
candidate, it has been reported and tested for
exon skipping therapy in vitro [20]. At Auburn
University (USA) a colony of dystrophin-deficient
Pembroke Welsh Corgi was established by out-
breeding with Beagles [33]. Of the various
canine models, GRMD and CXMD, are currently
maintained as active colonies for analysis of
muscular dystrophy pathogenesis and new
drug development. The biggest advantage of
these canine models compared to mouse mod-
els is that they show phenotypes closer to
human DMD in skeletal muscle and cardiac
muscles at a young age. While cardiac symp-
toms are one of the main causes of death for
human patients [38], mouse models do not
show severe cardiac symptoms. On the other
hand, GRMD and CXMD, models show severe
clinical symptoms such as body wide muscle
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Table 1. Dystrophin-deficient dogs and their mutations

Breed & original ref.

Mutation

Note

Alaskan Malamute [17]
Beagle [37, 42]

Bergamasco [18]

Belgian Groenendaeler Shepherd [19]

Cavalier King Charles Spaniel [20]

Cocker Spaniel [21]

German Short-haired Pointer [22]

Golden Retriever [23]

Grand Basset Griffon Vendéen [24]
Irish Terriers [25]
Japanese Spitz [26]

Labrador Retriever [27]
Labrador Retriever [29]
Lurcher Sibling [30]
Norfolk Terrier [31]

Old English Sheepdog [32]
Pembroke Welsh Corgi [33]

Rat Terrier [34]
Rottweiler [21]
Tibetan Terrier [21]
Unknown mix [18]

Weimaraner [35]

Not identified
A point mutation in intron 6 accepter splice site

Not identified

Not identified

A point mutation of a spicing donor site in intron 50

Small deletion mutation of four nucleotides in exon
65

Deletion mutation of the entire dystrophin gene
including promoter and 3’ untranslated regions

A point mutation in intron 6 accepter splice site

Not identified
Not identified

An inversion with break points in intron 19 of the
dystrophin gene and in the RPGR gene

Repetitive element insertion in intron 19
Not identified
Not identified
Not identified
Not identified

Long interspersed repetitive element-1 insertion in
intron 13

Not identified

A nonsense point mutation in exon 58
Deletion mutation of exons 8-29

Not identified

Not identified

Naturally occurring affected dogs not reported. CXMD and CXMD,
models were generated by outbreeding with GRMD an dartificial
insemination with GRMD semen, respectively. Employed to test
exon skipping and gene transfer [55, 63, 65]

Affected female with high CK level (12,336 1U/I) and truncated
dystrophin protein probably lacking C-terminal

Exon skipping tested with Eteplirsen in cultured skeletal muscle
cells

GRMD is the most widely characterized and employed in preclinical
trials for various therapeutic applications [52]

Reduced dystrophin expression like BMD

Outbred to Beagle breed to establish a colony

Decreased level of dystrophin protein

Affected female with high CK level (45,000 I1U/1) and no dystrophin
expression
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weakness and cardiac symptoms (Table 2).
They also show various human DMD-like phe-
notypes such as joint contracture and kypho-
sis. The early onset of disease phenotypes in
GRMD and CXMD, enables more detailed analy-
sis such as clinical grading, magnetic reso-
nance imaging, electrocardiogram (ECG) and
echocardiography. The models also have larger
body weights and longer lifespan compared to
mouse models making them more reflective of
human disease for use in toxicological studies.
Overall the canine models display more accu-
rate representations of human DMD symptoms
compared to the widely used mouse models.

The Golden Retriever muscular dystrophy
(GRMD) model

The most extensively studied and best-charac-
terized canine model is the GRMD. Its clinical
and pathological features are summarized in
Table 2. CRMD is the result of a point mutation
on the intron 6 splice acceptor site which leads
to exon 7 skipping (Figure 1) [23]. The point
mutation results in a premature stop codon in
exon 8, leading to a lack of dystrophin protein.
Splice site mutations are reported in 3.0-5.8%
of human DMD patients [4, 39]. The advantage
of the GRMD model over mouse models is that
it exhibits similar symptoms to human DMD
patients. The GRMD experiences progressive
muscle degeneration in both the skeletal mus-
cles and cardiac muscles resulting in abnormal
gait with joint contracture, muscle atrophy and
respiratory dysfunction at an early age (Table
2). In particular, degenerative fibers are
observed soon after birth in active skeletal
muscles such as the tongue, respiratory, limb,
truncal and cervical muscles in the GRMD
model [40]. Extensive fibrosis and size variation
of muscle fibers are also reported in the vastus
lateralis muscle 15 days after birth [41]. As a
result of muscle damages, neonates with the
GRMD depict high levels of serum creatine
kinase (CK) [40, 42]. The GRMD heart exhibits
abnormalities similar to DMD patients in elec-
trocardiogram and echocardiogram at the age
of 6 months (Table 2) [43]. Calcification and
fibrosis in ventricular myocardium are also
observed at an early age of 6.5 and 12 months,
respectively [44]. Mouse models however usu-
ally do not show such histological change in the
heart at such an early age [9]. In addition, the
GRMD model starts to exhibit respiratory diffi-
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culties between 2.5 and 17 months of age due
to reduced function of the diaphragm as a
result of degeneration [45, 46]. Since cardiac
and respiratory failures are the two leading
causes of death for human DMD patients, the
GRMD is useful as an animal model to study
disease state of DMD and to test the efficacy of
novel therapeutics. However, some differences
are reported in symptoms between humans
and dogs such as high mortality rate during
breeding as a result of severe respiratory fail-
ure and intestinal infection at the neonatal
stage [47]. Nevertheless, the advantage of the
GRMD model to exhibit disease states at 6
month of age comparable to that of human
DMD patients is clear.

Canine X-linked muscular dystrophy (CXMD)
model

The beagle-based CXMD models are generated
by crossbreeding with the GRMD or artificial
insemination with the GRMD spermatozoa [37,
42]. Hence, it shares the same splice site muta-
tion in intron 6 as the GRMD, leading to a lack
of exon 7 in mRNA and subsequent absence of
dystrophin protein (Figure 1). Since CXMD are
smaller and easier to handle than the GRMD
model, they are a useful animal model for DMD
studies (Table 2). Currently, an active group of
CXMD is maintained at NCNP in Japan to help
with understanding and developing new thera-
peutic applications for DMD (called CXMD)).
Researchers at NCNP produced three genera-
tions of the CXMD, model and characterized
each generation physiologically and histologi-
cally [37, 48-50]. By the third generation, the
mortality rate of healthy beagles is 13.3% after
3 days whereas mortality in the dystrophic
CXMD, is significantly higher at 32.3% [37]. This
high mortality rate is similar to 32.1% of neona-
tal mortality observed in GRMD dogs with high
inbreeding rate (Table 2). Additionally, the
serum CK level of the neonatal CXMD, model
significantly increased to approx. 100 K U/L
within 1 hour after birth [51]. The CK level from
venous blood of the newborn CXMD, dogs is 7
times higher compared to the blood from umbil-
ical cord. The observed high serum CK levels
could be the result of diaphragm damage due
to stress from initial pulmonary respiration. The
change of serum CK levels with age is a com-
mon feature amongst CXMD, and GRMD mod-
els (Table 2). The pulmonary stress triggers
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Table 2. Clinical and pathological features with age in GRMD and CXMD,

GRMD

CXMD,

Breed

Mortality rate in
pups
Body weight

General

Serum CK level

Skeletal
muscle

Gait/mobility
disturbance

Muscle atrophy

Abnormal posture

Respiratory

dysfunction

Dysphagia

Jaw mobility

Skeletal Histology

muscle

Cardiac muscle Electrocardiogram
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Golden Retrievers

4.8-32.1% within 14 days after birth (n=74-106)
*The rate increases with inbreeding% [47]

Mean 18.9 kg + 1.1 (+ SEM) at <9-12 mo (n=14) (Normal, 28.1 kg +
2.3 [+ SEM], n=8) [58]

7.5 kg + 1.2 (£ SD, normal 10.7 kg + 1.8), 11.4 kg + 2.2 (16.6 kg
2.0), 12.9 kg £ 3.1 (20.2 kg + 2.3), 18.2 kg + 3.2 (23.8 kg + 1.7) at
3, 4.5, 6 and 12 mo, respectively (n=9-17) [6] [105]

Mean 24.2 K IU/I at 2 day after birth (n=2)

Temporal decrease to mean 3.9 K IU/I (n=4) at 1 wk and then
increase in range of 6.5-162 K IU/I by 6 mo (n=2-4) (0.2 - 1.0 K IU/L
in normal dogs by 6 mo [n=3-9]) [42]

Initial sign at 8 wks [103]

Significant impairments in speed, stride length, and power/force from
2 mo (n=12) [104]

Significant tarsal joint contracture from 3 mo (n=9-17) [105]

A loss of ambulation in 85% (n=94) dogs by 6 mo [104]

Marked atrophy in truncal and temporal muscles at 2-3 mo followed
by firm limb muscles
Progress of atrophy in body-wide muscles by 6 mo [42]

Small tarsal joint angle from 3 mo [105]
Lumbar kyphosis at 6 mo to lordosis by 14 mo [42]

Significant increase in expiratory flows (n=10) and abnormal abdom-
inal respiration in 70% (7/10) dogs within 2.5 mo [45]

Reduced ventilatory capacity with diaphragmatic abnormality in mor-
phology and function in dogs between 6 and 17 mo (n=6-7) [46]

Difficulty in eating foods with progressive macroglossia and continu-
ous drooling at ~14 mo [42]

Inability to open jaw at 2-3 mo [42]

Severe degeneration (hyalinization, calcium accumulation, necrosis
and/or central nucleation) in proximal limb, respiratory (diaphragm
and intercostal), truncal and cervical muscles and enlarged fibers in
tongue at 1-8 days after birth

Invasion of histiocytic cells in the severe muscles from 4-6 days after
birth [40]

Extensive fibrosis and fiber size variation invastus lateralis muscle
from 15 days (n=3) [41]

Slight fibrosis and marked variation of fiber size with the above degen-
eration types in most skeletal muscles from 2 mo [40]

Progression of the above histological features at least by 8 mo [103]
Occasional fat infiltration from more than 13 mo [106]

Significantly increased heart rate at 9-12 mo (n=14) [58]

Deep Q wave and increased Q/R ratio in 3/6 dogs between 6 mo and
>2 yrs [107]

Significantly shortened PR interval and increased Q/R ratio in dogs
between 12-18 mo (n=8) [108]

Beagles at 3rd or more generation by Al with GRMD semen

32.3% (10/31) by 3 days after birth (n=31) (13.3% in normal pups from carrier female; n=45)
[48]

Mean 11.9 kg + 2.0 (+ SD) between 6 and 21 mo (n=8)

(Normal, 13.3 kg + 1.0 [SD] between 6 and 21 mo [n=4]) [49]

Significant increase to around 100 K U/I within 1 h after birth (n=6) [51]

Mean 120 K IU/I at 1 day after birth, temporal decrease to mean 11 K IU/I at 3 weeks, increase
to mean 85 K IU/I at 2 mo, and then gradual decrease by 12 mo [48]

12.5-138 K IU/I between 6 and 21 mo (n=8) (60 - 515 IU/I in normal dogs at 6-21 mo [n=4]) [49]

Initial sign of sitting or bunny hops at 2 mo

Languor or difficulty in jumping/moving in 100% (5/5) dogs from 4 mo

Bunny hops with hind limbs, shuffling walk or inability to walk in 100% (5/5) dogs from 6 mo
No complete loss of locomotion by 12 mo (n=5) [48]

Initial sign in distal limb and temporal muscles at 2 mo and in proximal limb muscle at 4 mo
Hardness or thin in the limb and temporal muscles of 100% (5/5) dogs at 12 mo [48]

Kyphosis at 12 mo [48]

Initial sign with macroglossia and drooling at 4 mo

Difficulty in taking foods and severe enlarged and thickened tongue in 100% (5/5) dogs at 12 mo
[48]

Significant inability from 4 mo (n=5) [48]

Degeneration of hyaline/opaque fibers and slight infiltration of neutrophils in diaphragm within 1
h after birth

Diffuse necrosis with oedema in diaphragm of neonates at 3 days [51]

Increase in necrosis, fibrosis, and invasion of inflammatory cells in TA muscle at 2 mo

Marked fibrosis, fiber size variation, centrally nucleated fibers in diaphragm and TA muscles at 6
mo [48]

Normal heart rate by 12 mo and the increase rate from 15 mo
Deep Q wave and increased Q/R ratio from 6 mo
Shortened PQ intervals from 15 mo [49]
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Hemodynamics
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Hyper echogenic lesion of LV wall in 73% (8/11) dogs at 6-7 mo [107]
Significant thickening of free wall and septum in LV diastolic and
systolic at 9-12 mo (n=14)

Significantly reduced fractional shortening in dogs between 9-12 mo
(n=14) [58]

DCM in 55% (6/11) dogs between 7 mo and 9 yrs. (the earliest age
at 22 mo) [21]

Significant hypertension with high pressure of ventricular and artery
in dogs between 12 and 18 mo (n=8) [108]

Mineralization in LV papillary and free wall and septum from 6.5 mo
[44]

Increase in abnormal mitochondria and attenuated myofibrils from
~6.5 mo

Fibrosis in LV and RV myocardium from 12 mo [44]

Occasional fat infiltration from 1-1.5 mo [44]

Hyper echogenic lesion of LV posterior wall in 60% (3/5) dogs at 12 mo
No change in thickness of by 21 mo
No obvious abnormality in fractional shortening by 21 mo [49]

Vacuole degeneration of Purkinje fibers in 100% (4/4) dogs at 4 mo

Fragmentation of mitochondria and disruption of myofibrils in ventricular myocardium and
Purkinje fibers at 4 mo

No fibrosis by 13 mo and mild fibrosis in LV myocardium from 15 mo. Intact in RV myocardium by
21 mo [50]

Al, artificial insemination; CK, creatine kinase, LV, left ventricular; RV, right ventricular; DCM, dilated cardiomyopathy.
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DMD mRNA in GRMD and CXMD

Out-of-frame mutation

RN

[N\

The DMD gene
in GRMD and CXMD

-

(93 bp) (173 bp)
Actin binding domain

(119 bp)

(182 bp)

(129 bp)
Hinge 1

(188 bp)

Reading frome NN <IN YO0

Figure 1. The mutation in GRMD and CXMD. The image illustrates the mutation pattern in dystrophic dogs GRMD
and CXMD harboring a splice site mutation at the border of intron 6 and exon 7. Dotted lines indicate introns.

over-expression of inflammation and immune
response stimulators such as IL-6, IL-8, COX-2,
and selectin E as well as expression of immedi-
ate-early genes: c-fos and egr-1. Symptoms
include gait disturbance, muscle atrophy,
kyphosis, dysphagia, macroglossia, drooling,
and jaw joint contracture. However, these clini-
cal symptoms progress slower than that of the
GRMD model (Table 2). Degenerative myofibers
are observed in diaphragm of CXMD, and selec-
tive muscles such as respiratory and limb mus-
cles within a few days after birth [40, 51].
Interstitial fibrosis in skeletal muscle is also
observed in both GRMD and CXMD, dog models
at a young age [40, 41, 48]. In addition, studies
of the conduction system in the heart called
Purkinje fibres show vacuolar degeneration by
4 months of age as well as an overexpression
of Dp71, a shorter isoform product of the DMD
gene [50]. As a result of Purkinje fibre degen-
eration, abnormalities in cardiac signal conduc-
tion become clinically obvious in ECG and echo-
cardiogram as early as 6 months of age in the
CXMD, model. Similar to DMD patients, both
CXMD, and GRMD models exhibit deep Q-waves
and an increase in Q/R ratio in ECG and hyper-
echogenic lesion in the left ventricular wall at a
young age (Table 2). Fibrosis in the left ventric-
ular myocardium is also observed from the age
of 12 and 15 months in GRMD and CXMD, mod-
els, respectively. As summarized in Table 2, the
CXMD, model has milder symptoms and slower
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progression of disease in skeletal and cardiac
muscles compared to the GRMD model.

Application of GRMD and CXMD, models in
preclinical trials

As described above, GRMD and CXMD, models
have the same acceptor splice site mutation in
intron 6 and similar clinical and histological
traits. Thus, basic strategies to treating dystro-
phic symptoms of these models are shared.
Prior studies on these models include adeno-
associated virus (AAV)-mediated and antisense
oligo (AO)-mediated exon skipping, gene thera-
pies, cell therapy, and drug therapy [52].
Amongst these potential therapies, exon skip-
ping demonstrates successful therapeutic out-
comesin GRMD and CXMD models. Specifically,
to treat the splice site mutation in intron 6 with-
in the dog models, exon skipping can be used
to splice out exons 6 and 8 of dystrophin mRNA
to correct the reading frame (Figure 2). This will
leads to a truncated but still functional dystro-
phin protein [53-55]. In the GRMD model, exon
skipping with AAV vectors showed restored dys-
trophin levels and improved muscle function.
Specifically, Vulin et al. conducted skipping of
exons 6 and 8 of mutated dystrophin mRNA
using AAV-U7 [56]. The study reveals restora-
tion of dystrophin-glycoprotein complex, down
regulation of utrophin levels and doubling of
tetanic strength of contralateral muscle four
months after injection. Similarly, recombinant

Am J Transl Res 2015;7(8):1314-1331
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Dystrophic Dog mRNA

: - ﬁ- Out-of-frame Mutation

del
g | > | B
Exons 6-8 Multi-Skipping

-- Restored Reading Frame
del

- D
ligo:

Figure 2. Exons 6-8 multi-skipping of dystrophic dog mRNA. The loss of func-

tion of dystrophin protein due to an out-of-frame mutation in dystrophin
mRNA can be rescued using an antisense oligo cocktail targeting exons 6

cocktail injection into limb
muscles was able to induce
extensive dystrophin protein
expression [64]. As well, a
recent study with the CXMD,
model illustrated that injec-
tion of an internally truncated
but still functional dystrophin
called micro-dystrophin via
intra-amniotic injections with
the recombinant AAV vector
for CXMD, fetuses led to sig-
nificant improvement of skele-
tal muscle and cardiac func-
tions [65, 66].

Cavalier King Charles Spaniel
model

Three cases of Cavalier King
Charles Spaniel muscular dys-
trophy (CKCS-MD) discovered
in the United Kingdom and the

and 8.

AAV6G- and optimized AAV-U7-mediated exon
skipping enable restoration of cardiac dystro-
phin levels in the GRMD [57]. Additional thera-
pies explored using the GRMD model include
restoration of left ventricular function using
Bradykinin [58, 59], increased «7 integrin to
modify disease progression using prednisone,
stabilization of basal lamina using laminin-a2
[60] and decreased inflammation and re-
scued dystrophin-glycoprotein complex using
Bortezomib [61].

The CXMD, model has been utilized to examine
the therapeutic efficiency of exons 6 and 8
skipping with a cocktail of AOs with phosphoro-
diamidate morpholino oligomers (PMOs), 2’0-
methyl AOs (phosphorothioate), or octa-guani-
dine dendrimer conjugated PMOs (Vivo-mor-
pholinos or vPMOs) [55, 62-64]. Intramuscular
injections of cocktail PMOs targeting exons 6
and 8 on CXMD, resulted in dystrophin expres-
sion up to 50% of normal levels [55, 63]. As
well, dystrophin-associated proteins such as
nNOS and alpha-sarcoglycan, were restored
and muscle inflammation was extensively
diminished. After systemic injections of the
PMO cocktail, physical examinations on treat-
ment group revealed functional recovery.
Specifically, treated dogs were able to run fast-
er in 15 meter timed test compared to the con-
trol untreated CXMD, group. Additionally, vPMO
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United States were character-

ized molecularly and histologi-
cally [20]. It was determined that the CKCS-MD
has a point mutation at 5’ donor splice site in
intron 50 of the canine DMD gene. The muta-
tion leads to a deletion of exon 50 in MRNA,
leading to a premature stop codon in exon 51
and finally results in a lack of dystrophin pro-
tein. Since exon 50 falls along the mutation hot
spot of the human DMD gene, therapeutic
methods examined on CKCS-MD can be more
easily translated for application to human DMD
patients. Clinical features in CKCS-MD include
high CK level (approx. 33-65 KU/L), macroglos-
sia, restriction of jaw movement, and progres-
sive dysphagia. However, there was no observed
histologicalchange in the heart of CKCS-MD.
While the GRMD and CXMD, models are com-
monly used in translational research, these
models are large, weighing approximately 19 kg
and 12 kg respectively. On the other hand, the
CKCS-MD only weighs 5-8 kg so that they are
more manageable and more economically fea-
sible to use in preclinical tests. Importantly, the
CKCS-MD is amenable to exon 51 skipping,
which can potentially address the need of the
largest number of DMD patients [4]. Indeed,
Walmsley et al. tested a DMD drug candidate
called eteplirsen to induce exon 51 skipping in
skeletal muscle cells of the CKCS-MD. The
results indicate presence of exon 51-skipped
dystrophin transcript and induction of the dys-
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trophin protein [20]. Intriguingly, although
eteplirsen has a difference of 2 bps at the posi-
tion of canine DMD exon 51, it could still suc-
cessfully induce skipping of the exon and
expression the protein. While the CKCS-MD
model is useful for preclinical testing of anti-
sense-mediated exon skipping therapy target-
ing mutational hot spot of exons 45-55 region
in DMD, it could also be useful for other muta-
tion specific therapies such as gene therapy
with AAV vectors. Due to its shared mutation
region with the human DMD gene, the CKCS-
MD model can reasonably be expected to
become an effective dog model for testing
DMD therapies in preclinical trials.

Challenges in canine models

Canine models such as GRMD and CXMD, pos-
sess many of the clinical manifestations seen
in human DMD patients including progressive
muscle weakness, fibrosis, joint contractures,
and eventual death from cardiac and respira-
tory failure as summarized in Table 2. However,
variability in disease severity ranging from mild
to extremely severe phenotype is found among
littermates [21, 42, 49, 67, 68]. The inconsis-
tency in disease phenotype most likely occurs
due to differences in the genetic background of
the models as a result of modifier genes. As
such, modifier genes can complicate our inter-
pretation of the effectiveness of therapeutic
interventions [69]. The increase in mortality
rate during inbreeding of a GRMD colony may
also be associated with modifier genes through
genetic drift. A solution for the modification
issue may be to mate with xenoplastic dogs or
with different breeds in order to reduce coin-
heritance of modifier genes from one consan-
guinity or breed. Indeed, experiments have
been conducted by outbreeding the GRMD with
Yellow Labrador Retrievers, which have large
body size close to the GRMD. However, the out-
bred-GRMD exhibits milder degeneration of
dystrophic muscles than the inbred-GRMD [42,
70]. The second hurdle with current canine
models is that they are limited to a point muta-
tion in intron 6 accepter splice site. While the
use of genetic engineering to generate muta-
tions more representative of human DMD are
reported in mice, rats, monkeys, and pigs, it is
not used to generate canine models. Genetic
engineering is currently not a viable option for
dogs because somatic cell nuclear transfer
(SCNT) to generate new transgenic canine mod-
els is cumbersome and inefficient compared to

1322

other animals [71]. However, companion dogs
do make frequent visitation to veterinary clin-
ics, as reported in Table 1. Hence, by diligently
identifying mutations and keeping carrier
female dogs to produce offspring, we can
potentially generate new dog models with
mutant DMD genes of interest. Finally, since
dogs are common companion animals, the lack
of social acceptance to the use of dogs as
experimental subjects and greater emotional
attachment of researchers will become logisti-
cal and workplace challenges. Although there
are some restrictions, generating canine DMD
models with different mutations and/or severi-
ty will allow researchers to examine DMD patho-
genesis more profoundly and efficacy of new
therapeutic applications.

Porcine models

Currently, domestic pigs are widely accepted as
an adequate model in biomedical research.
Efficient technology now exists for gene target-
ing in pigs, whose advantages include uniform
genetic backgrounds and the similarity in size,
anatomy and physiology to humans [72, 73].
Particularly, similarity in the cardiovascular sys-
tem of pigs compared to those of humans is
helpful for understanding human cardiovascu-
lar diseases and developing new drugs and
therapies [74]. Wolf et al. has recently generat-
ed genetically modified porcine model of DMD
using a combination of gene targeting with
nuclear transfer techniques [13]. Our group in
collaboration with Exemplar Genetics LLC has
also developed a porcine DMD model (http://
www.exemplargenetics.com/) (Unpublished).
Both pig models have a deletion mutation of
exon 52 in the DMD gene. The porcine DMD
model established by Wolf et al. shows similar
phenotypes to human DMD patients. With
recent advancement towards establishing
novel animal DMD models, preclinical trials
with pig model may become an unavoidable
step for developing new drugs and therapeutic
applications to DMD. In the following sections,
we will describe and discuss the recent devel-
opments and future applications of dystrophin-
deficient pig models.

Dystrophin-deficient porcine models

In domesticated pigs, a spontaneous point
mutation in the DMD gene has been identified
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Figure 3. Exon 51/53 skipping of dystrophic pig mRNA. The loss of dystrophin
protein due to the frame shift mutation in dystrophin mRNA can be rescued
using an antisense oligo targeting either exon 51 or 53 to restore the reading

frame.

by genome-wide association analysis. It is
associated with a novel porcine stress syn-
drome characterized by muscle rigidity, muscle
degeneration, and labored breathing [75]. In
affected pigs, a missense mutation (C>T,
R1958W) in exon 41 of the DMD gene was
identified as the causative gene. Affected pigs
exhibit reduction of dystrophin protein in both
skeletal and cardiac muscles. A colony of this
mutant pig was then established to examine
their phenotypes [14]. Detailed analysis of the
pig model shows 70% reduction of dystrophin
protein in the diaphragm and psoas muscles,
80-85% reduction of dystrophin-associated
alpha-sarcoglycan, fibrosis, and five times high-
er serum CK level compared to normal litters.
The observed reduction in dystrophin protein
makes this the first pig model of BMD. Although
this porcine model is useful to study dystrophi-
nopathy, missense mutations present in the
porcine model do not lead to severe DMD
symptoms [39]. In addition, missense muta-
tions only account for 0.4% of all of the DMD
mutations in humans [4].

In order to create a mutation model more rele-
vant to DMD patients, Wolf et al. successfully
generated dystrophin-deficient pigs with dele-
tion in exon 52 of the DMD gene. This is accom-
plished by using a combination of gene target-
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ing with SCNT [13]. SCNT is a
technique involving the re-
moval of the nucleus of oocyte
and then implanting it with a
donor cell nucleus from a
somatic cell. The use of SCNT
to genetically engineer donor
cells such as fetal fibroblasts
is currently the most widely
used strategy to generate
transgenic pigs [76]. The
genetically modified pig model
of DMD exhibits absence of
dystrophin in skeletal muscles
as well as reduced levels
of dystrophin-associated pro-
teins such as alpha-sarcogly-
can and beta-dystroglycan.
The serum CK level of two
affected newborn piglets at
3-day-old is at 1,647 and
2,117 U/L, which is at a level
almost ten times higher than
normal piglets at the same
age. The elevated serum CK
level is similar to differences in CK level found
in DMD newborn boys (2,003-2,791 U/L) and
normal newborn boys (251.5 + 113.8) [77]. At
4 weeks old, the serum CK level in affected
pigs dramatically increased to 21,000 and
63,000 U/L. Additionally, histological examina-
tion of skeletal muscles revealed similarity to
human pathology which includes increased
muscle regeneration (centrally nucleated
fibers), interstitial fibrosis, and mononuclear
inflammatory cells. Physical examination of the
pig DMD model demonstrates impaired mobili-
ty during walk, trout and gallop tests. In particu-
lar, these pigs exhibited prominent features of
shortened strides and stiff movements. In addi-
tion, they have greater difficulty climbing plat-
forms compared to wild-type pigs. Beyond mus-
cle weakness, pig DMD models have a
maximum life span of 3 months. The lifespan of
affected pigs with low birth weight are even
shorter. The correlation suggests that the
severity of DMD phenotype at birth may deter-
mine their life expectancy. Overall, this trans-
genic pig model exhibits comparative pheno-
types to human patients. However, one area of
concerns in this study is that only the first gen-
eration was subjected to characterization of
their phenotypes. In transgenic pigs generated
by SCNT with genetically modified cells, the first
generation has been reported to show pheno-
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frame shift mutation in dystrophin mRNA can be rescued using a cocktail of antisense oligos targeting exons 44-55.
This therapy is applicable for treating >60% of DMD patients with deletion mutations.

typic instability such as pulmonary hyperten-
sion, respiratory distress, malformed limbs,
and contracted tendons, due to epigenetic dys-
regulation [78]. Abnormalities found in the first
generation of transgenic pigs are then improved
in the second or third generations [79]. To
improve upon the study, Wolf et al. have gener-
ated female porcine cells with the same dele-
tion mutation (DMD*2®%2), The female pig
model will allow us to sufficiently examine phe-
notype of affected pigs after the first genera-
tion, ones with normal epigenetic regulation.
Although detailed characterization of the pig
model still remains to be determined (e.g., car-
diac symptoms), it should be noted that desired
mutations could be more conveniently intro-
duced in pigs compared to canines.

Future applications of the porcine DMD model

Currently several clinical trials for therapies
targeting DMD are in progress or have been
completed. This includes antisense-mediated
exon skipping and rAAV-mediated mini-dystro-
phin gene transfer [7]. In exon skipping
with antisense oligonucleotide, phase lll clinical
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trial of drisapersen (ID: NCT01480245 and
NCT01803412 by Prosensa Therapeutics)
have been terminated and eteplirsen (ID:
NCT02255552 by Sarepta Therapeutics) for
skipping of exon 51 are scheduled in the future.
Clinical trials of exon 53 skipping are also being
conducted by NCNP, Japan (ID: NCT02081625)
and Prosensa Therapeutics (ID: NCT01957059).
Therapies focusing on exon 51 and 53 skipping
could be applicable to 20.5% (14.0%) and
14.7% (10.1%) of patients with large deletion
mutations (all of patients), respectively [4].
However, one of the major challenges in single
exon skipping is the unknown function of vari-
ous forms of truncated dystrophin proteins. In
the current clinical trials, the efficacy of exon
51 and 53 skipping therapies were tested with
patient skeletal muscle cells and/or by injec-
tions into transgenic mice with the human DMD
gene, or with an exon 52 deletion mutation
(mdx52 mice) [80-83]. The current porcine
DMD model with exon 52 deletion mutation
treatable by either exon 51 and 53 skipping is
an encouraging alternative to examine the
function of truncated dystrophin protein instead
of the mdx52 mouse which exhibits milder phe-
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notypes and different physiology from that of
human patients (Figure 3) [9]. Likewise, the
current porcine model can assist in the devel-
opment of multiple exon skipping therapy tar-
geting the entire exons 45-55 region to produce
a more functional type of truncated dystrophin
proteins (Figure 4). Of patients with in-frame
mutations, those expressing a truncated dys-
trophin protein encoded by exons 45-55 are
reported to be associated with milder pheno-
types or asymptomatic course in 95% of cases
examined [84-86]. The potential of exons
45-55 skipping extends to treating 63% of DMD
patients with deletion mutations [84]. The fea-
sibility of this multiple exon skipping has been
demonstrated in mdx52 mouse treated with
10-Vivo-morpholino cocktail [87, 88]. Following
exon 45-55 skipping, results indicate induction
of truncated dystrophin protein and dystrophin-
associated proteins in the body wide skeletal
muscles. However, due to milder phenotypic
manifestations of commonly used mdx52
mouse model, functional recovery has not been
fully examined. Hence, the use of porcine DMD
model can allow us to fully investigate the
effectiveness of novel multiple exon skipping
therapy. Multiple exon skipping using a cocktail
of antisense oligonucleotides is technically
challenging [89]. To achieve efficacious skip-
ping, more toxic new generation morpholinos
such as Vivo-morpholinos and peptide-conju-
gated morpholinos may need to be used [90].
As such, the availability of porcine DMD model
with similar physiology to human DMD patients
will become important in assessing the toxicity
of novel therapies. All in all, exon 52-deleted pig
model with similar severity to DMD patients will
enable us to assess recovery of function and
safety of new drugs/applications such as exons
45-55 skipping.

Feline models

Dystrophin-deficient feline muscular dystrophy,
which is also called the hypertrophic feline
muscular dystrophy (HFMD), was first reported
in mixed shorthair male cats by Carpenter et al.
[91]. Subsequently study by Winand et al. iden-
tified the feline DMD mutation as a deletion of
promoter region and exon 1 in muscle and
Purkinje isoforms [92]. Similar deletion muta-
tion of promoter region and first exon in muscle
and neuronal dystrophin isoforms was recently
reported in a different pedigree [93]. While a
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colony of another HFMD was established at the
University of Bern, Switzerland for detailed
characterization, the mutation of the DMD gene
has not been identified within the model [94-
99]. Phenotypically, the HFMD is characterized
by marked muscle hypertrophy, less fibrosis,
and stiff gait. Marked histological change in
HFMD heart is indicated by mineralization of
myocardium [100]. Cardiac enlargement and
hypertrophy were also found in affected cats
with the HFMD at 9 and 12 months old, respec-
tively. However, examination via electrocardio-
gram did not show the obvious abnormalities
observed commonly in humans and canine
models. A feature of the HFMD is lethal per-
acute rhabdomyolysis with severe hyperkale-
mia during anesthesia with an inhalation anes-
thetic called isoflurane [101]. Rhabdomyolysis
is also reported in DMD and BMD patients as
one of life-threatening perioperative complica-
tions [102]. While the response appears to be
due to increased sensitivity of dystrophic mus-
cles to anesthetic agents, the exact mecha-
nism has not been revealed. Similar rhabdomy-
olysis during inhalation of anesthesia has not
been reported in other dystrophin-deficient ani-
mal models. The unique symptom displayed by
the feline model will be useful for examining
preventative measures against perioperative
complications in DMD and BMD patients. While
the HFMD cats have unique advantages for use
in DMD studies, their mutations and pheno-
types still require greater understanding prior
to common use in translational research.

Conclusion

The current GRMD and CXMD, models possess
clinical and histological phenotypes that mirror
the severe phenotypes in skeletal and cardiac
muscles of human DMD patients. However, in
the current canine models, remarkable pheno-
typic variation and a limitation of one rare
mutation still need to be considered for stud-
ies. Recently a dystrophin-deficient porcine
model with a common mutation in the human
DMD gene is developed using a combination of
genetic engineering with cloning technology.
While no therapeutic uses of the porcine model
have been reported, this model could become
a new large animal model of DMD because of
its mutation type and phenotypic similarity to
DMD patients. The potential of porcine models
is highly anticipated and its success will be
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enhanced by our ability to stably produce
genetically identical (clone) dystrophic pigs.
This will allow us to examine pathogenesis of
the disease and therapeutic effects of new
drugs and applications more closely than the
existing mammalian models. Together the dys-
trophin-deficient canine and porcine models
will be important tools for future studies into
therapies for DMD.
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